The divergently transcribed Surf-1 and Surf-2 housekeeping genes are separated by a bi-directional, TATA-less promoter which lies within a CpG-rich island. Here we show that CpG methylation severely reduces transcription In the direction of both Surf-1 and Surf-2. Previous work has identified three promoter elements (Su1, Su2 and Su3) which are conserved between the human and mouse Surf-1/ Surf-2 promoters. These elements bind transcription factors present in human and mouse cell nuclear extracts in vitro and mutations which prevent factor binding also reduce promoter activity In vivo. Transcription initiation factor YY1 binds to the Su1 site and stimulates transcription in the direction of Surf-1 and, to a lesser extent, Surf-2. Here we show that members of the ETS family of transcription factors bind to the Su2 site. Although the Su1 factor binding site contains three CpG dinucleotldes, the binding of YY1 is not affected by CpG methylation. In contrast, CpG methylation abolishes the binding of ETS proteins to the Su2 site; methylation of a single cytosine, at position 3 of the consensus ETS site, is sufficient to prevent factor binding. This direct effect on the binding of ETS proteins Is, however, not in Itself sufficient to explain the repression of this promoter by CpG methylation. A mutation of the Su2 site which removes the sequence CpG, but which does not prevent ETS factor binding, fails to relieve this promoter from repression by CpG methylation.
INTRODUCTION
In vertebrate DNA cytosine residues within the dinucleotide sequence CpG are often methylated. Spontaneous deamination of 5-methylcytosine generates thymine and, possibly as a consequence of this, the dinucleotide CpG occurs at a much lower frequency than would be expected on the basis of nucleotide composition. Those CpG dinucleotides which are present are often found clustered within so-called CpG islands or CpG-rich sequences (4) . The presence of unmethylated CpG islands is indicative of the presence of active genes. The 5' ends of most housekeeping genes, for example, are located within unmethylated CpG islands (1) . In many cases the methylation of CpG within these islands results in gene silencing (6) . The precise cause of this transcriptional silencing is not known, though, two related mechanisms have been proposed. First, CpG methylation may directly block the binding of positively acting transcription factors. Secondly, CpG methylation may block the binding of transcription factors indirectly, either by changing the conformation of chromatin, or by interacting with methyl-CpG specific repressor proteins.
Direct effects of CpG methylation on transcription factor binding have been observed in a number of cases. The transcription factors c-Myc (24) , c-Myb (14) and E2F (15) , for example, do not bind to CpG methylated DNA. However, many transcription factors do not contain the dinucleotide CpG within their binding sites and CpG methylation is thus unlikely to have a direct effect on their binding to DNA. In addition, the binding of some transcription factors is insensitive to CpG methylation. Transcription factor Spl, for example, has the sequence CpG within its binding site but the binding of Spl is not affected by CpG methylation (11) . Indirect effects of CpG methylation have also been implicated in the repression of promoter activity. Differences in structure between chromatin containing methylated and non-methylated CpG sequences have been demonstrated. For example, chromatin containing methylated DNA is less accessible to micrococcal nuclease or restriction enzymes than chromatin containing unmethylated DNA (31) . Furthermore, histone H1 has been shown to bind preferentially to CpG methylated DNA and to repress transcription from CpG methylated templates in vitro (19) . A number of DNA binding proteins that bind specifically to CpG methylated DNA have been isolated. These proteins may sterically block the binding of transcription factors and/or bring about changes in chromatin structure (2, 5, 20, 21) .
The Surfeit locus is an unusual cluster of six housekeeping genes (Surf-1 to Surf-6) and four CpG islands (36) . The direction of transcription of each of the five characterised genes (Surf-1 to Surf-5) alternates with respect to that of its neighbours and the 5' end of each gene is located within a CpG island (12) . In order to learn more about the regulation of this class of cellular genes we have been studying the bi-directional promoter which lies between the Surf-1 and Surf-2 genes (18, 37) . The Surf-l/Surf-2 promoter contains three important factor binding sites: Sul, Su2 and Su3 (18) . These sites are conserved between the mouse and human Surf-l/Surf-2 promoters, bind factors present in both mouse and human cell nuclear extracts, and are necessary for efficient gene expression in vivo (17, 18) . We have recently shown that the Sul binding factor corresponds to the initiator protein YY1 (10) . YY1 binds to a site close to, or overlapping, the transcription start point of a number of genes and stimulates transcription initiation (28, 29) . Over-expression of YY1 stimulates transcription in the direction of Surf-1 and, to a lesser extent Surf-2, suggesting that at this promoter YY 1 acts positively and in a bi-directional manner (10) . At present, the identities of the Su2 and the Su3 binding factors are not known.
Here we show that the Su2 factor has characteristics which suggest that it is a member of the ETS family of DNA binding proteins. We report the effects of CpG methylation on the bi-directional promoter of the Surf-1 and Surf-2 genes and show that methylation strongly inhibits promoter activity. Although CpG methylation has no effect on the binding of Y Y1, it abolishes the binding of ETS proteins.
MATERIALS AND METHODS

Plasmids used in this study
The reporter plasmids pGL-HSurf-1 and pGL-HSurf-2 (see Fig.  1A ) have been previously described (10) . The reporters are derivatives of pGL-basic (Promega) and contain the human Surf-l/Surf-2 promoter cloned in both orientations upstream of the luciferase gene. The Surf-1-1 uciferase reporter fusion, pGL-HSurf-1, contains the Surf-l/Surf-2 intergenic region cloned between the HindlU and Kpnl sites of pGL2-basic such that transcription in the Surf-1 direction produces an active Surf-1-luciferase fusion protein. The Surf-2-luciferase reporter fusion, pGL-HSurf-2, contains the Surf-l/Surf-2 region cloned between the BgM and Sac\ sites of pGL2-basic such that transcription in the Surf-2 direction produces luciferase activity.
The pGL-HSurf-1-3A reporter plasmid contains a single base pair change (G:C to A:T) at position 3 of the Su2 factor binding site. This mutant promoter was produced using PCR with the following primers: 5'-TGATCAAAGCTTCAGCCACCGCC-GCCATCGCACCCGGCCCCGCGGGCGCTTCC1GGACGC-AGG-3' and 5'-TCTACGGGATCCCCGCAGAAACGCCCG-CACGT-3'.
The template used in this reaction was the pGL-HSurf-1 plasmid described above. The single mismatch which introduces the Su2-3A mutation is underlined. The PCR product was cloned between the Hindlll and Kpnl sites of pGL-basic and sequenced using a Sequenase kit (USB) with alkali denatured, doublestranded preparations of plasmid DNA as template.
Transfection assays
HeLa cells were grown in the presence of 10% foetal calf serum to a density of 2 x 10 6 cells per 14 cm Petri dish. The cells were transfected with a total of 20 u.g plasmid DNA by electroporation (270 V/960 uP). After 24 h the cells were washed twice with PBS then luciferase activity was determined using the Luciferase Assay System (Promega) according to the manufacturer's instructions. The (i-galactosidase expressing plasmid pRSV-figal (5 u,g) was included in each transfection as an internal control for transfection efficiency.
DNA methylation
Plasmid DNA and synthetic oligonucleotides were methylated using the Sssl and Hpall methylases (New England Biolabs) according to the suppliers instructions. The degree of methylation was estimated by digestion with the methylation sensitive restriction enzymes Hgal and Aci\ followed by agarose and polyacryamide gel electrophoresis of plasmid DNA and oligonucleotides respectively. Synthetic olignucleotides containing 5' methylcytosine at specified positions were produced by the Imperial Cancer Research Fund oligonucleotide service.
Proteins
Plasmid pHIS-YY 1, which encodes the human YY 1 cDNA fused to the sequence MRGSHHHHHHGS at its N-terminal end, was generously provided by T. Shenk (29) . Histidine tagged YY 1 was purified from bacterial lysate by chromatography on a nickel-agarose column (Ni 2+ -NTA agarose supplied by Qiagen) according to the method of Shi et al. (1991) . YY1 was eluted in 6 M guanindine HC1 at pH 4.5 then renatured by stepwise dialysis: 1 M guanidine HCl/4°C/2 h, 0.1 M guanidine HCl/4°C/2 h, PBS/4°C/2 h, PBS/4°C /2 h. The refolded protein was assayed for purity by SDS-PAGE followed by staining with Coomassie blue and quantitated using the Bradford assay (BIO-RAD).
Plasmid pQE-30-hETS-2 encodes histidine tagged human ETS-2. To create this plasmid human ETS-2 was obtained as a #a/7?HI-////?dIII PCR product using the plasmid pEF-BoshETS-2 (kindly provided by M. Owen) as template. The PCR primers used were: 5'-GTCCCGAAGCTTTCAGTCCTCC-GTGTCGGGCTG-3' and 5'-CGCAGCGGATCCATGAATGA-TTTCGGAATC-3'.
The PCR product was digested with BamHl and Hindlll then cloned into pQE-30 (Qiagen). The sequence of this clone was verified using a Sequenase kit (USB) with alkali denatured, double-stranded preparations of plasmid DNA as sequencing template and a panel of ETS-2 specific sequencing primers. Histidine tagged human ETS-2 was purified, renatured and assayed for purity and concentration exactly as described for HIS-YY1.
Plasmid pGEX-PEA3.1, which encodes a GST-PEA3 fusion protein, was kindly provided by J. Hassell (39) . GST-PEA3 fusion protein was purified from bacterial lysate using glutathione-agarose beads (Sigma) (30) . The purity and concentration of GST-PEA3 was determined as described above.
HeLa cell nuclear extract was prepared as described by Wildeman et al. (35) .
Gel retardation assays
Single stranded oligonucleotides (100 ng) were 5' end-labelled with [y 32 P]ATP using T4 polynucleotide kinase. After annealing to the complementary oligonucleotide free label was removed using Sephadex G50 columns. Labelled oligonucleotides (10 000 c.p.m.) were incubated with purified proteins (in the quantities indicated in the figures) or with 12 (ig HeLa cell nuclear extract and 4 jig poly(dI-dC):poly(dC-dI) in binding buffer (12 mM HEPES pH 7.9,5 mM MgCl 2 ,60 mM KCI, 1 mM DTT, 50 ng/ml BSA, 0.5 mM EDTA, 0.05% NP-40 and 10% glycerol). After 20 min at room temperature complexes were resolved on 5% non-denaturing polyacrylamide gels run in 1 x TBE and visualised by autoradiography. Competitor oligonucleotides were generally added at the beginning of the incubation.
DMS methylation interference
Methylation interference assays were performed using double stranded, labelled oligonucleotides treated with dimethylsulphate (DMS) as described by Sambrook et al. (25) . Methylated probes (100 000 c.p.m.) were incubated with 5 ^ig ETS-2 in the binding buffer described above. After 20 min at room temperature the ETS-2-HSu2 complex was resolved on a non-denaturing gel and the bands excised and electroeluted. The DNA was then treated with piperidine as for Maxam and Gilbert sequencing and electrophoresed on a 15% denaturing gel with Maxam and Gilbert size markers (25) . 
RESULTS
CpG methylation represses the Surf-l/Surf-2 promoter in vivo
The bi-directional promoter of the human Surf-1 and Surf-2 genes has been characterised previously (10, 17) and shown to contain four factor binding sites (shown schematically in Fig. 1 A) . The reporter plasmids used in this study contain the Surf-l/Surf-2 promoter region cloned upstream of the luciferase gene: the construction of these plasmids has been described previously (10) . Transcription in the Surf-1 direction was measured using pGL-HSurf-1, whereas, transcription in the Surf-2 direction was measured using pGL-HSurf-2 ( Fig. 1 A, lines 2 and 3, respectively). Transfection of the Surf-1-luciferase fusion into HeLa cells resulted in the production of significant luciferase activity (shown in Fig. 2 , column 2). This transcription is due to the presence of endogenous cellular factors which bind to the Surf-l/Surf-2 promoter. Transfection of the Surf-2-luciferase fusion into HeLa cells also resulted in the production of significant luciferase activity (Fig. 2 , column 5).
The Sssl methylase adds a methyl group to the 5 position of all cytosine residues within the dinucleotide sequence 5'-CpG-3' (22) . Sssl methylase was used to methylate the reporter plasmids pGL-HSurf-1 and pGL-HSurf-2 (as described in the Materials and Methods). Transfection of methylated pGL-HSurf-1 reporter plasmid into HeLa cells resulted in the production of low levels of luciferase activity (Fig. 1, column 3 ). To show that this repression is due solely to methylation, an identical transfection was performed using plasmid DNA which had been previously incubated with Sssl methylase in the absence of the cofactor S-adenosylmethionine (Fig. 2, column 4) . Transfection of methylated pGL-HSurf-2 into HeLa cells also resulted in the production of very low levels of luciferase activity (Fig. 2,  column 6 ). This repression is also dependent on the inclusion of S-adenosylmethionine in the methylation reaction (Fig. 2 , column 7). In contrast, methylation of the control plasmid pGL-CON (Promega), which contains the SV40 promoter and enhancer driving expression of the luciferase gene, resulted in only a 2-fold reduction in luciferase activity (Fig. 2 , columns 8-10). As the pGL-CON plasmid and the pGL-HSurf constructs are identical except for their respective promoter sequences, this result demonstrates that the Surf-1 /Surf-2 promoter is particularly sensitive to CpG methylation and that methylation of the reporter gene has little or no effect.
To determine the extent of promoter methylation by the Sssl methylase we used the restriction enzyme Hgal. Hgal cuts unmethylated but not CpG methylated DNA. Prior incubation with the Sssl methylase did not completely protect the reporter plasmids from digestion by Hgal (data not shown). This indicates that the reporter DNA is only partially methylated. We conclude that partial CpG methylation is sufficient to abolish transcription in the direction of Surf-1 and Surf-2.
CpG methylation has no effect on the binding of YY1
The transcription initiator protein YY1 binds to the human Sul (HSul) factor binding site in vitro and markedly stimulates transcription in the Surf-1 direction in vivo (10) . YY1 present in HeLa cell nuclear extract binds to the HSu 1 element and produces a protein-DNA complex of characteristic mobility in a gel retardation assay (Fig. 3A, lane 2) . The YYl-HSul complex is effectively competed away by the addition of an excess of unlabelled HSul binding site (Fig. 3A, lane 3) . To determine whether the binding of YY1 is sensitive to CpG methylation, the HSul oligonucleotide was methylated using the Sssl methylase (as described in the Materials and Methods) and then used as unlabelled competitor. Methylation of the HSul factor binding site had little or no effect on the ability of the oligonucleotide to compete for the YY1 complex (Fig. 3 A, lane 4) . Further evidence to support this conclusion was obtained using labelled methylated HSul oligonucleotide in gel retardation assays. Incubation of nuclear extract with the labelled methylated HSul oligonucleotide resulted in the formation of YY 1-methylated HSu 1 complex (Fig. 3 A, lane 6 ). These data show that the binding of YY1 is not sensitive to CpG methylation.
The extent of HSu 1 oligonucleotide methylation by Sssl was estimated using the methylation sensitive restriction enzyme Adi. Unmethylated and enzymatically methylated HSul sequences were incubated with Acil then run on polyacrylamide gels. The enzymatically methylated oligonucleotides were not completely protected from digestion by Acil indicating that the oligonucleo- tides are not fully methylated (data not shown). The ability of the enzymatically methylated HSul oligonucleotide to compete for the YYl-HSul complex could therefore be due to the relatively small amount of unmethylated DNA in the sample. To eliminate this possibility synthetic oligonucleotides were prepared which contained 5'-methylcytosine at all the CpG positions within HSu 1 (shown in Fig. 1B) . To compare quantitatively the affinity of YY 1 for unmethylated DNA and this fully methylated DNA, YYl-HSul complex formation was challenged with a range of competitor concentrations. Figure 3B shows the result of a gel retardation assay in which a fixed amount of purified YY1 was incubated with labelled HSul in the presence of increasing amounts of either methylated (lanes 3-6) or unmethylated (lanes 9-12) competitor DNA. There is little, if any, difference in the ability of methylated or unmethylated HSu 1 oligonucleotides to compete for the YY 1-HSu 1 complex. These results confirm that at least for the HSu 1 binding site, CpG methylation has no effect on the binding of YY1. the human Su2 (HSu2) factor binding site. Human ETS-2 was fused to a histidine tag sequence then purified from bacteria by chromatography on a nickel column. Mouse PEA3 was purified as a GST fusion protein from bacteria containing the plasmid pGEX-PEA3.1 (39) . Figure 4B shows the result of a gel retardation assay in which purified human ETS-2 was incubated with labelled HSu2 factor binding site. Human ETS-2 binds to the HSu2 factor binding site producing a retarded band (Fig. 4B , lane 2, indicated by the arrow). Competition experiments with a panel of oligonucleotides showed that whereas the HSu2 sequence effectively competes out the ETS-2-HSu2 complex (Fig. 4B,  lane 3) , mutated HSu2 sequences (Fig. 4B, lanes 4 and 5) or the HSul sequence (Fig. 4B, lane 6) , fail to compete. These results are identical to those obtained previously using mouse and HeLa cell nuclear extracts (17) . An oligonucleotide carrying the human Su3 (HSu3) factor binding site also failed to compete for the ETS-2-HSu2 complex (Fig. 4B, lane 7) . This result implies that ETS-2 has higher affinity for the HSu2 sequence than for the HSu3 sequence. This difference may be due to the presence of a T: A base pair at position 7 of the HSu3 sequence: the mouse Su2 and Su3 sites and human HSu2 site, all contain an A:T base pair at this position (see Fig. 4A ) and A:T occurs more often than T: A at position 7 of the aligned ETS sites (13) . We next tested the ability of a second ETS protein, mouse PEA3, to bind to the HSu2 factor binding site. Purified GST-PEA3 fusion protein also bound to the HSu2 oligonucleotide and competition experiments generated identical results to those seen with ETS-2 (see Fig. 4C ). These experiments show that PEA3 requires the same, or very similar, bases within the HSu2 site to those that are required by ETS-2 and the Su2 binding factor present in mouse and HeLa cell nuclear extracts.
To further compare the binding of ETS proteins to HSu2 with that of the nuclear extract factor, we used DMS methylation interference. We have previously determined the G residues at which methylation by DMS prevents the binding of the Su2 factor present in nuclear extracts (18) . Using bacterially expressed human ETS-2 we determined which G residues within the HSu2 site are critical for ETS factor binding (Fig. 4D) . These results are summarised in Figure 4A ; human ETS-2 and the HSu2 binding factor have identical methylation interference patterns. Methylation of the G residues at position 4 or 5 of the HSu2 site prevents the binding ETS-2 and the Su2 factor. Methylation of the G residues at equivalent positions within the PEA3 site also prevents the binding of PEA3 (39) . The results of these experiments suggest that the Su2 binding factor present in nuclear extracts is a member of the ETS family of DNA binding proteins. Further experiments will be needed to determine which ETS factor(s) bind to the HSu2 site in vivo. (23, 33, 38) . Figure 4A shows an alignment of the mouse Su2 and Su3 sites and the human Su2 and Su3 sites (HSu2 and HSu3) with the consensus ETS binding site. Both the human and mouse Su2 sites and the human and mouse Su3 sites have sequence similarity to the binding site of the ETS family of proteins. We have previously shown that a single factor present in mouse and human nuclear extracts binds to the Su2 site. In contrast, two factors, Su3a and Su3b, bind to the Su3 site. The Su2 binding factor and the Su3b factor have similar, though not identical, properties (17) .
As a first step towards determining whether the Su2 factor is a member of the ETS family we tested the ability of two ETS proteins, human ETS-2 (3,34) and mouse PEA3 (39) , to bind to
The Su2 binding factor and ETS proteins are sensitive to CpG methylation
The factor present in HeLa cell nuclear extract which binds to the HSu2 site produces a characteristic protein-DNA complex (Fig.  5, lane 1) . This complex is effectively competed by the addition of an excess of unmethylated HSu2 factor binding site (Fig. 5,  lane 2) . To determine whether the Su2 binding factor is sensitive to CpG methylation, synthetic HSu2 oligonucleotides were prepared in which the cytosine residues at CpG positions were replaced with 5'-methylcytosine (shown in Fig. IB) . The HSu2 oligonucleotides containing 5'-methylcytosine failed to compete for the Su2 complex (Fig. 5, lane 3) . Furthermore, in a gel retardation assay the Su2 binding factor failed to bind to the methylated HSu2 oligonucleotide (data not shown). Taken together, these data show that CpG methylation prevents the binding of the Su2 factor present in nuclear extracts. We showed earlier that at least two members of the ETS family of DNA binding proteins (PEA3 and ETS-2) can bind to the HSu2 factor binding site. We next tested whether sensitivity to CpG methylation might be a common property among the ETS proteins. PEA3 or ETS-2 were incubated with labelled HSu2 oligonucleotide. The PEA3-HSu2 and ETS-2-HSu2 complexes were then challenged by either methylated or unmethylated competitors. Methylated HSu2 sequences failed to compete for either the PEA3-HSu2 or the ETS-2-HSu2 complex (Fig. 5,  lanes 6 and 9, respectively) . These results show that PEA3, ETS-2 and the Su2 binding factor present in nuclear extract, fail to bind to CpG methylated DNA. This is further evidence to suggest that the Su2 binding factor is a member of the ETS family of DNA binding proteins.
Methylation of a single cytosine within the ETS binding site abolishes factor binding
Having established that CpG methylation inhibits the binding of PEA3, ETS-2 and the Su2 binding factor present in HeLa cell nuclear extract, we set out to determine the effects of methylation of individual cytosine bases within the HSu2 sequence. Figure 6 shows the results of gel retardation assays in which formation of the ETS-DNA complex was challenged by the addition of a panel of competitor oligonucleotides. The competitors used in this experiment are shown in Figure 6A . As demonstrated earlier, unmethylated HSu2 sequences effectively compete for the Su2 factor-HSu2 complex (Fig. 6B, competitor 1) , whereas, HSu2 sequences methylated at all six CpG cytosine bases compete much less effectively (Fig. 6B, competitor 2) . Methylation of the central pair of CpG cytosine bases prevents competition for the Su2 factor-DNA complex (Fig. 6B, competitor 3) . In contrast, methylation of the four cytosine bases which lie at the outer edges of the HSu2 site does not prevent competition for the Su2 factor-HSu2 complex (Fig. 6B, competitor 4) . Thus, methylation of the central CpG dinucleotide blocks the binding of the Su2 factor to the HSu2 sequence.
Methylation of the central CpG dinucleotide has strikingly different effects depending on whether the top or bottom strand cytosine is methylated. Methylation of the top strand cytosine (Fig. 6A, line 5 ) has no effect on the ability of the HSu2 oligonucleotide to compete for the Su2 factor-HSu2 complex (Fig. 6B, competitor 5) . In contrast, methylation of the bottom strand cytosine (Fig. 6A, line 6 ) completely abolishes the ability of the HSu2 sequence to compete (Fig. 6B, competitor 6 ). These data demonstrate that although methylation of the central CpG within the HSu2 factor binding site prevents Su2 factor binding, methylation of the bottom strand cytosine (position 3 of the consensus ETS site shown in Fig. 4A ) is entirely responsible for this effect.
The binding of PEA3 and ETS-2 to the HSu2 site is also sensitive to CpG methylation. Figure 6C and D show the effects of competitor methylation on PEA3-HSu2 and ETS-2-HSu2 complex formation respectively. Methylation of the central CpG within the HSu2 factor binding site prevents the binding of both PEA3 and ETS-2. Furthermore, as in the case of the Su2 factor present in nuclear extract, methylation of the bottom strand cytosine is sufficient to prevent the binding of ETS proteins.
CpG methylation and other ETS binding sites
Many of the ETS protein binding sites which have been identified in promoter sequences contain adenine at position 3 (see the consensus ETS binding site in Fig. 4A ). However, binding site selection experiments suggest that a cytosine at this position enables ETS proteins to bind with high affinity (23, 38) . We tested the effects of changing the cytosine at position 3 of the HSu2 factor binding site to adenine on ETS protein binding. Figure 7 shows the results of a competition experiment in which the PEA3-HSu2 complex was challenged with increasing amounts of HSu2 or HSu2-3A (HSu2 carrying an A:T base pair at position 3 of the ETS binding site). HSu2 effectively competes for the PEA3-HSu3 complex (Fig. 7, lanes 2-4) , whereas, HSu2-3A competes only weakly (Fig. 7, lanes 5-7) . This result implies that PEA3 prefers C:G over A:T at position 3. Further experiments showed that both the Su2 factor present in nuclear extract and the ETS-2 protein also prefer C:G over A:T at position 3 (data not shown). Whereas methylation of the HSu2 oligonucleotides prevents competition for the PEA3-HSu2 complex (Fig. 7, lane  8) , methylation of the HSu2-3 A oligonucleotide has no effect on its ability to compete (Fig. 7, lane 9) . Taken together, these results show that ETS sites with C:G at position 3 bind ETS proteins tightly and are sensitive to CpG methylation. Interestingly, however, ETS sites with A:T at position 3 bind ETS proteins less tightly than those with C:G at this position and are not sensitive to CpG methylation. 
Prevention of ETS factor binding is not the only effect of CpG methylation
ETS proteins can bind to the HSu2-3A site described above but this site is not subject to CpG methylation. To determine whether the prevention of ETS factor binding is sufficient to explain the effects of CpG methylation on the expression of Surf-1 and Surf-2 we introduced the Su2-3A mutation into the Surf-1/Surf-2 promoter using site-directed mutagenesis. Plasmid pGLHSurf-l-3A contains an A:T base pair at position 3 of the HSu2 factor binding site. This mutation disrupts the CpG sequence and blocks CpG methylation of the HSu2 site. Transfection of pGL-Surf-l-3A into HeLa cells resulted in the production of a lower level of luciferase activity than that seen with the wild-type promoter (see Table 1 ). Presumably this is due to the lower affinity of the Su2-3A site for positively acting ETS transcription factors. Incubation of the pGL-HSurf-l-3A plasmid with Hpatt methylase prior to transfection resulted in the production of only low levels of luciferase activity (Table 1) indicating that this promoter is still subject to repression by CpG methylation. Thus, the prevention of ETS factor binding is not the only effect of CpG methylation on the Surf-1/Surf-2 promoter.
DISCUSSION
The Surfeit locus contains at least six genes, all of which have their 5' ends located within CpG islands (12) . Using transient transfection assays we have shown that partial CpG methylation severely reduces transcription in the direction of Surf-1 and Surf-2 (Fig. 2) . The mechanism of transcriptionaJ repression by CpG methylation is not known. However, it is probable that CpG methylation blocks the binding of positively acting transcription factors, either directly, by interfering with their interaction with DNA, or indirectly, by changing the conformation of chromatin The human Surf-l/Surf-2 promoter contains four factor binding sites: HSul, HSu2, HSu3 and Spl (17) . The HSu2 and HSu3 factor binding sites show sequence similarity to the consensus binding site of the ETS family of DNA binding proteins (13) . The ETS family of transcription factors contain a conserved 85 amino acid motif, the ETS domain, which confers sequence-specific DNA binding activity (23) . ETS proteins are thought to play an important role in the transcriptional regulation of a variety of viral and cellular genes (13, 32) . These include both housekeeping and specialised genes involved in differentiation, growth control, T-cell activation and neoplastic transformation. Here we have shown that two members of the ETS family, PEA3 (39) and ETS-2 (3), are capable of binding to the HSu2 factor binding site in vitro. Furthermore, the bases within the HSu2 site at which methylation by DMS prevents the binding of ETS-2 are the same as those at which DMS methylation prevents the binding of the Su2 factor present in nuclear extracts. Taken together these results suggest that the Su2 factor is a member of the ETS family of DNA binding proteins. Further evidence to support this conclusion comes from our study of the effects of CpG methylation on the binding of these proteins.
CpG methylation abolishes the binding of the Su2 factor to the HSu2 site. Similarly, CpG methylation also prevents the binding of PEA3 and ETS-2. In all three cases, methylation of a single cytosine at position 3 of the HSu2 (ETS) site is sufficient to prevent factor binding. As the methyl group of 5'-methylcytosine lies in the major groove of the DNA, these proteins must make intimate contacts with bases in the major groove around position 3 of the ETS recognition site. This is in agreement with our DMS methylation interference experiments (Fig. 4D) and with the results of footprinting studies which have shown that ETS proteins make major groove contacts around positions 4,5 and 6 of the ETS site (7, 23) . Our data suggests that many genes regulated by members of the ETS family of transcription factors may be directly sensitive to CpG methylation.
An alignment of the ETS binding sites from a number of different promoters shows that the most common base pair found at position 3 is A:T while C:G is found less often (13) . Binding site selection experiments, however, have consistently shown that C:G is the preferred base pair at this position (8, 23, 38) . This suggests that at least for the proteins tested, sites with C:G at position 3 bind ETS proteins with higher affinity than those with A:T. Thus although C:G at position 3 is preferred in terms of binding affinity, A:T is found most often in the ETS sites from promoter sequences. CpG methylation may be the explanation for this apparent paradox. Those ETS sites with C:G at position 3 may have higher affinity for ETS proteins but they are sensitive to CpG methylation. Those sites with A:T at this position have lower affinity for ETS proteins but are not affected by methylation. These results highlight a problem in the use of site selection techniques to determine transcription factor binding sites; the sites selected have highest affinity for the transcription factor but may not necessarily be representative of the binding sites seen in vivo. The consensus binding site for the Escherichia coli cyclic AMP receptor protein (CRP), for example, has high affinity for CRP but is not able to sense changes in cyclic AMP levels and is therefore not capable of regulation in vivo (9) .
Transcription initiation factor YY1 binds to the HSu 1 site and activates transcription of Surf-1 and, to a lesser extent, Surf-2 (10). Here we have shown that CpG methylation has no effect on the binding of YY1 to the HSu 1 site. This result is in disagreement with the findings of Satyamoorthy et al., who reported that YY 1 bound less well to a CpG methylated oligonucleotide carrying the IUE YY1 binding site (26) . However, the methylated oligonucleotide used by this group did not have the same sequence as the unmethylated oligonucleotide; in the methylated sequence the YY1 binding site was at the extreme end of the oligonucleotide whereas in the unmethylated sequence the YY1 binding site was in the centre of the oligonucleotide (26) . The difference in the affinity of Y Y1 for these two sequences could therefore have been due to the position of the YY1 binding site and not the CpG methylation. Alternatively, the apparent sensitivity of the IUE YY1 binding site to CpG methylation may be related to its specific sequence; there might be two classes of Y Y1 binding site, those sensitive and those insensitive to CpG methylation.
The direct effect of CpG methylation on the binding of ETS factors to the HSu2 site is not sufficient to explain the repression of the Surf-l/Surf-2 promoter by CpG methylation. We have shown that a mutation which blocks CpG methylation of the Su2 site, but which does not prevent the binding of ETS proteins, fails to protect this promoter from the effects of CpG methylation at other positions. This failure to alleviate repression could be due to direct effects of CpG methylation on the binding of other transcription factors, or to indirect effects of methylation on promoter activity. The Surf-l/Surf-2 promoter contains two factor binding sites other than those for YY1 and the Su2 factor; the HSu3 site and a consensus Spl site. In DNase I footprinting experiments the consensus Sp 1 site is occupied by a factor present in HeLa cell nuclear extracts which we presume to be Spl (17) . The binding of Spl has previously been shown to be insensitive to CpG methylation (11) . Methylation of the Spl site is thus unlikely to have any direct effects on promoter activity. It is interesting to note that the promoters of many housekeeping genes contain Sp 1 and/or YY1 binding sites and that a physical interaction between Spl and YY1 has been demonstrated (16, 27) . At promoters such as Surf-l/Surf-2, the co-operative binding of these methylation insensitive proteins may be important in the maintenance of the methylation free, transcriptionally active state (11) . The HSu3 site binds two factors (Su3a and Su3b) present in HeLa cell nuclear extract (17) . The Su3b factor has characteristics which suggest that it is very similar to the Su2 binding factor. CpG methylation might therefore have a direct effect on the binding of the Su3b factor (or the Su3a factor). Repression which is not mediated by a direct effect of methylation on the binding of ETS proteins to the Su2 site could be due to indirect effects of CpG methylation. Methylation may repress Surf-l/Surf-2 promoter activity via effects on chromatin structure or by the binding of methyl-CpG specific repressor proteins. Further experiments will be required to differentiate between these mechanisms.
